A phenomenon known as mass fractionation has been probed in organic materials using secondary ion mass spectrometry ͑SIMS͒. Mass fractionation occurs because two isotopes of a particular species ͑i.e., identical number of protons, but different number of neutrons͒ do not have identical secondary ion yields in a constant chemical environment. Two primary ion probes, Cs + and O 2 + , have been utilized with detection of negative and positive secondary ions, respectively, using a magnetic sector mass spectrometer. These two analysis conditions have been found to yield considerably different mass fractionation effects as a result of different sputtering and ionization mechanisms. Also, as determined previously with SIMS analysis of inorganic materials, the lower molecular weight species carbon and hydrogen are particularly susceptible to mass fractionation effects. Because organic materials are primarily composed of carbon and hydrogen, and because isotopic labeling is often utilized to accurately analyze such materials, knowledge of these effects in organic materials is essential for quantitative SIMS analysis.
I. INTRODUCTION
It has been known for half of a century that, it has been known that, upon bombardment of a material with a charged species of sufficient energy, positive and negative secondary ions are emitted from the surface. 1,2 Termed secondary ion mass spectrometry ͑SIMS͒, this technique is frequently used to chemically analyze surfaces or to depth profile material films. [3] [4] [5] [6] [7] However, organic materials are primarily composed of carbon and hydrogen, making it difficult to distinguish different constituent materials or compounds of complex samples. 8, 9 Therefore, isotopic labeling is often employed to more accurately characterize organic materials. 10, 11 Isotopic labeling has also been shown to greatly minimize matrix effects 12, 13 that occur through heterogeneous interfaces, 10, 11 but a phenomenon known as mass fractionation is especially prevalent in low mass secondary ions such as carbon and hydrogen. [14] [15] [16] [17] [18] Mass fractionation occurs because two isotopes of a particular species ͑i.e., identical number of protons, but different number of neutrons͒ do not have identical secondary ion yields in a constant chemical environment. [16] [17] [18] Because of the importance of SIMS as an analytical tool, mass fractionation of secondary ions from inorganic materials, such as metals, semiconductors, and geological materials, has been thoroughly investigated over the past three decades, [18] [19] [20] [21] [22] yet this phenomenon has not been thoroughly investigated for organic materials. The increased use of SIMS for high-precision characterization and analysis of organic materials has made further understanding of mass fractionation in such materials essential. Here, we investigate the sputtering of negative and positive secondary ions of carbon ͑ 12 C and 13 C͒ and hydrogen ͑ 1 H and 2 H͒ from bilayer assemblies composed of unlabeled polystyrene ͑hPS͒ and deuterium-labeled polystyrene ͑dPS͒ upon bombardment of Cs + and O 2 + primary ions, respectively, using a magnetic sector mass spectrometer under steady-state dynamic conditions. Results are compared to previous experimental and theoretical results for sputtering and ionization mechanisms of positive and secondary ions from inorganic surfaces upon primary ion bombardment.
Isotopic mass fractionation can often be described mathematically using a power-law formula, 23
where f is the secondary ion yield ratio, I L and I H are the relative detected intensities of the light and heavy isotopes, a͒ respectively, under identical conditions and chemical composition, L and H are the relative fractions of the light and heavy isotopes, respectively, in the material being analyzed, M L and M H are the masses of the light and heavy isotopes, respectively, and ␣ is a parameter that is dependent on the ionization and sputtering mechanisms prevalent under the analysis conditions implemented. The isotopic mass fractionation effect is sometimes measured in terms of a fractionation factor ͑⌽͒, 15 where
and has units of %/Da. [16] [17] [18] Two potential sputtering and ionization mechanisms are compared to the experimental results presented here. The bond-breaking mechanism 17, 18 occurs when the ionization of secondary ions is dominated by the crossover from covalent to ionic bonding before emission, while the survival probability mechanism occurs when the sputtering of secondary ions is dominated by the surface work function. Experimentally, the bond-breaking mechanism ͑␣ =1͒ has been observed during the analysis of inorganic materials under O 2 + primary ion bombardment with detection of positive secondary ions, 17, 18 while the survival probability mechanism ͑␣ = 0.5͒ has been observed with bombardment of inorganic materials with Cs + and detection of negative secondary ions. 15, 19 Our results are consistent with prior investigations of these two mechanisms.
II. EXPERIMENT

A. Materials and sample preparation
The organic material used in this investigation, polystyrene, is a model polymer that is completely amorphous and provides a spatially uniform sample density, a moderate glass transition temperature ͑100°C͒ allowing quenched samples to be analyzed without cryogenic cooling, and a complete absence of any heteroatoms such as oxygen or nitrogen that could cause secondary ion yield changes. 10, 11 Polystyrene is also highly hydrophobic, thereby minimizing background 1 H during SIMS analysis. 24 Analysis of deuterium-labeled PS is necessary for the investigation of hydrogen mass fractionation because the natural abundance of deuterium ͑ 2 H͒ is only 0.015%, 25 making accurate depth profiling of naturally occurring 2 H very difficult. 22 In contrast, 13 C is a relatively abundant minor isotope ͑1.1%͒. 10, 11, 25 Time-of-flight ͑ToF͒ SIMS was used to characterize the degree of deuterium substitution in the dPS ͑ d ͒. 11, 26 For this, Si ͑100͒wafers were cut into 1 ϫ 1 cm 2 squares, soaked in BakerClean JTB-111 ͑J. T. Baker͒ for 30 min, and then rinsed with de-ionized ͑DI͒ water. The substrates were then soaked in aqueous hydrofluoric acid ͑J. T. Baker, 10% v/v͒ for 1 min, washed with DI water, and blown dry with nitrogen. Thin ͑ϳ30 nm͒ dPS ͑Polymer Source; M w = 82.8 kDa; M w / M n = 1.15͒ samples were immediately prepared on the hydrogen-passivated ͑SiH͒ substrates. The dPS was dissolved in chromatographygrade ͑HPLC-grade͒ benzene ͑Aldrich͒ and cast onto the substrate. The samples were annealed at ϳ120°C on a hot plate for 1 min and then washed with HPLC-grade n-heptane ͑Aldrich͒ and blown dry with N 2 .
Bilayer assemblies of hPS on dPS were prepared for depth profiling ͑dynamic SIMS͒ using previously established procedures. 9 Silicon ͑100͒ wafers were cut into 2 ϫ 2 cm 2 squares and cleaned and etched according to the procedures outlined above. The SiH substrates were either immediately cast with a polymer or placed in a UV-ozone cleaner to produce a 1.8 nm native oxide layer ͑SiO x ͒. For the bilayer preparation, a layer of dPS was cast onto SiH from toluene ͑Acros͒ to a thickness of approximately 150 nm and annealed at 140°C for 20 min under vacuum ͑ϳ10 −3 mm Hg͒ to remove all residual solvent and allow the chains to relax and retain a bulk density. Next, hPS ͑Polymer Source; M w = 73.0 kDa; M w / M n = 1.04͒ was cast onto SiO x from toluene, scored with a sharp tip, floated into DI water, and picked up with the dPS-coated SiH substrates. The bilayer assembly was annealed at 90°C for 12 h under vacuum, which removed residual solvent without allowing hPS/dPS interdiffusion. Finally, a 20 nm ͑nominal͒ gold coating was sputtered onto the surface of the films prior to SIMS analysis to assist in charge removal ͑passive charge neutralization͒. 9, 27 
B. Time-of-flight SIMS analysis
ToF SIMS measurements were performed with a PHI TRIFT I instrument using a 69 Ga liquid metal ion gun at 15 kV primary high voltage and 7.5 kV extraction voltage. A potential of 3 kV was applied to the sample holder for the extraction of positive secondary ions. A pulsed 69 Ga + primary ion beam was used to raster over 100ϫ 100 m 2 sample surface areas. Data acquisition time was set to 7 min, resulting in a total primary ion fluence of ϳ5 ϫ 10 11 ions/ cm 2 per analysis ͑static conditions͒. 11 Mass spectra were collected from three different spots and were subsequently analyzed using the WINCADENCE commercial software. The tropylium ion ͑C 7 H 7 + ͒ was the species used for determining d , as this molecular ion has minimal mass fractionation effects among the various isotopic permutations 15, 26 and negligible background interferences. The positive secondary ion mass spectrum of dPS from 96 to 99 Da is shown in Fig. 1 . The peaks at 97 and 98 Da ͑nominal͒ each contain two species, which are not mass resolved ͑see Table I͒ . Therefore, the known natural abundance of 13 C ͑i.e., 7.7% of the tropylium ions contain a 13 C͒ 11 was used to subtract the 13 C-containing variants at 97 and 98 Da. The results of this analysis are shown in Table I , with d = 0.962.
C. Dynamic SIMS analysis
A CAMECA IMS-6f magnetic sector mass spectrometer was used to depth profile the hPS/dPS films. 9 Two primary ion sources, Cs + and O 2 + , were chosen because of their common use for SIMS depth profiling of various materials. Cs + bombardment is known to enhance negative secondary ion yields, 2,28 while O 2 + bombardment is known to enhance posi-tive secondary ion yields. 29 Typical analysis conditions for O 2 + primary ion bombardment included a 30 nA primary current rastered over a 180ϫ 180 m 2 area, with 5.5 keV impact energy ͑10 kV primary with 4.5 kV sample bias͒. The angle of incidence for the primary ions was 41°. The mass resolution ͑m / ⌬m͒ was set to 3000 for separation of 13 C and 12 C 1 H for carbon fractionation measurements, 10, 11 while m / ⌬m = 1250 was used to separate 2 H from 1 H 2 for hydrogen fractionation measurements. 30, 31 Positive secondary ions were detected from a 60 m diameter optically gated area positioned in the center of the raster. As determined previously, measurable sample charging does not occur under these conditions. 31 For Cs + primary ion bombardment, typical analysis conditions included a 4 nA primary current rastered over a 120ϫ 120 m 2 area, with 6.0 keV impact energy ͑5 kV primary with −1 kV sample bias͒ and m / ⌬m = 3100 for both carbon and hydrogen fractionation measurements. 10, 11 The angle of incidence for the primary ions was 27°. Negative secondary ions were detected from a 30 m diameter optically gated area positioned in the center of the raster. Charge neutralization was implemented for Cs + bombardment and detection of negative secondary ions using the so-called "electron cloud" method. 11, 32 Electrons at normal incidence to the sample are provided with a potential just below that of the sample and are present just above the surface, ensuring that the electrons do not degrade the sample or interfere with secondary ion production. In this self-compensating method, any charging due to ion bombardment of the surface of the sample is compensated by electrons that are drawn from the electron cloud. For 5 kV primary ions with a −1 kV sample bias, the typical electron coverage area is approximately 
III. RESULTS AND DISCUSSION
The sputter rates for PS were determined, relative to ͑100͒ Si ͑S R,PS / S R,Si ͒, to be 1.4 for 6.0 keV Cs + and 1.1 for 5.5 keV O 2 + , and the relative detected intensities for 1 H and 12 C ͑I L ͒ were interpolated to match the detection times of 2 H and 13 C ͑I H ͒, respectively. The fractionation ͑f͒ was calculated using two different statistical methods with data points within the dPS layer for the evaluation of hydrogen mass fractionation and data points within the hPS layer ͑Ͼ50 nm deep to avoid effects of the Au coating and the transient sputtering regime 34 ͒ for the evaluation of carbon mass fractionation. The first statistical method used was a point-by-point calculation of f ͑denoted f p ͒ for 20 consecutive points ͑see Fig. 2͒ in one profile using Eq. ͑1͒ with H + L =1,
From this, averages of f p , ⌽ p ͓see Eq. ͑2͔͒, and standard deviations thereof were determined and are shown in Table  II . The values for ␣ p were calculated using f p and Eq. ͑1͒.
The second type of calculation involved a numerical minimization of the objective function ͑F obj ͒, 35
which assumes a constant value of f ͑denoted f a ͒ for a given depth profile ͑points 1-20͒. The average values from two different depth profiles for f a and ⌽ a ͓see Eq. ͑2͔͒ along with the root-mean-square differences were determined using Eq. ͑4͒. From this, ␣ a was determined using Eq. ͑1͒, and resulting values are shown in Table II . The solid and dotted lines in Fig. 2 ͑ H ͒, when compared to the measured values of I H / ͑I H + I L ͒ for hydrogen and carbon, respectively, clearly show the effects of mass fractionation, particularly with the hydrogen isotopes. Figure 2 also shows that the analysis conditions used with Cs + primary ion bombardment provided an improved signal-to-noise ratio for the detection of carbon and hydrogen secondary ions when compared to the analysis conditions used with O 2 + primary ion bombardment. Previously reported results for hydrogen mass fractionation in inorganic materials have shown f Х 0.76 with bombardment of Cs + primary ions and detection of negative secondary ions, 19 and f Х 0.57 with bombardment of O − primary ions and detection of positive secondary ions. 20 This is consistent with the results shown in Table II , demonstrating that similar trends in secondary ion sputtering mechanisms are observed in organic and inorganic materials. For Cs + bombardment and detection of negative secondary ions, results are similar to previous observations of the survival probability mechanism ͑␣ Ϸ 0.5͒ due to a lowering of the effective surface work function upon Cs + implantation, which greatly increases the electron capture probability of the excited surface atoms. 15, 16, 19 In contrast, for O 2 + bombardment and detection of positive secondary ions, results are similar to previous observations of the bond-breaking mechanism ͑␣ Ϸ 1͒. 14, 17, 18 According to this mechanism, the secondary ion yields under these conditions are governed by the production of secondary ions which involves a crossover in the nature of the bonding of the excited atoms at the surface from covalent to ionic. Mass fraction effects presented here using O 2 + and Cs + bombardment with detection of positive and negative secondary ions, respectively, clearly demonstrate the importance of this phenomenon for quantitative SIMS analysis.
IV. SUMMARY AND CONCLUSIONS
Mass fractionation phenomenon has been probed for SIMS analysis of organic materials. Two types of primary ions and detection conditions were evaluated using a magnetic sector mass spectrometer under steady-state dynamic conditions. By evaluating the relative detected intensities of hydrogen ͑ 1 H and 2 H͒ and carbon ͑ 12 C and 13 C͒ isotopes, the scaling relationship in Eq. ͑1͒ was determined to be ␣ Ϸ 0.5 for Cs + bombardment and detection of negative ions and ␣ Ϸ 1 for O 2 + bombardment and detection of positive secondary ions. This is similar to previous observations of the mass 12 C͒ 0.96± 0.02 4.0± 2 0.51 0.96± 0.004 4.4± 0.5 0.51 fractionation effects in inorganic materials using similar analysis conditions. [14] [15] [16] [17] [18] [19] Because of the strong influence of mass fractionation, particularly with detection of 1 H and 2 H, these results are anticipated to assist future analysis of organic materials using SIMS. 
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